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The transition from globular to elongated states of biopolymers in shear flow occurs at a distinct critical shear 
rate, 
* . The magnitude of *  depends on the internal potential and the polymer length.  For example, the 
critical shear is much larger for von Willebrand Factor (vWF) compared to DNA.  Furthermore, it is shown 
through computational analysis of vWF (model-vWF) that
* 1/3~ N , where N is the number of dimeric units in 
the vWF. In this study, we show that in the presence of charged nanoparticles (CNP) and polymer, the critical 
shear rate scales differently depending on the polymer length and the charge-strength of the CNP. It is shown 
that CNP alter the conformational dynamics of polymers under shear flow when the polymer beads have an 
opposite charge. The introduction of CNP shifts the critical shear rate and alters the scaling. Furthermore, it is 
shown that the critical zeta potential of CNP, 
* , scales linearly with shear rate, and scales cubically with ratio 
  between final CNP-polymer composite size and original polymer size, that is
* 3~  − . 
 
The conformational dynamics of polymers suspended in 
viscous shear flow have been extensively studied over the past 
60 years [1-5].   Polymers are often modeled as a chain of 
beads where neighboring beads are connected by a spring-like 
link. The equilibrium state in quiescent viscous fluid is a 
globular ‘collapsed’ state. Under shear stress the globular 
state loses stability and elongates at a critical flow parameter, 
depending on the nature of the flow. In simple shear flow, 
where there is a combination of extension/compression and 
rotation, the polymer undergoes complex conformational 
dynamics. The time-averaged extensional length increases 
with shear rate until at high shear where it reaches one-half of 
the contour length, on average [1]. In extensional flow, the 
polymer elongates due to continuous extension. The distortion 
of polymer coils from an equilibrium globular state to an 
elongated state and the average orientation have been 
measured by light scattering method under various flow 
conditions [6,7]. 
The conformational change of biopolymers in flow is of 
great importance, as it relates to the functionality of polymer 
molecules like DNA and von Willebrand factor (vWF). 
Studies of the shear-induced behavior of DNA [8,9] and vWF 
molecules [10-13] in bulk fluid show that these biopolymers 
oscillate under shear, exhibiting periodic elongation, 
relaxation and tumbling behavior. In the case of vWF, while 
in globular shape, most of the reactive domains are masked 
inside the globule, unavailable to interact or bind with other 
molecules. However, when in large enough shear or 
elongational flow, vWF unfolds and exposes binding 
domains.  For example, interaction of platelet receptors 
(GPIba) to the binding domain (A1) on the vWF monomer in 
hemostasis and thrombosis occurs more readily when the 
vWF is elongated.  In fact, adjusting levels of shear rate is a 
biological self-regulatory mechanism to control activity of the 
protein.  
  
It is common to model polymers by beads attached by a 
spring [9,14-16].  For the case of vWF, each bead represents 
a dimer.  Several studies of the conformation of model-vWF 
and actual vWF in shear flow show that the model can 
effectively capture the deformation of the vWF based on the 
flow environment [10,11,17].   
Surface charge is an important feature in the interaction of 
biopolymers with cells.  The interaction between vWF and 
platelets in hemostasis or thrombosis is based on opposite 
electrostatic surface charge of the A1 (+) domain of the vWF 
and the platelet GPIba (-) receptor [18].  It is shown that by 
introducing negatively charged nanoparticles (CNP), the time 
scale for experimental thrombosis will vary significantly [19].  
This effect is attributed to the interaction of the CNP with the 
positive A1 domain of vWF.  In the model-vWF, it is assumed 
that the whole dimer (i.e., each bead) has a net positive point-
charge equal to twice the potential of the A1 domain, since 
there are two A1 domains in a dimer [20]. 
The critical (or threshold) shear rate, 
* , where transition 
of the polymer from only coiled to periodically stretched 
conformation occurs, depends on the number of beads (N), or 
length of the polymer, as well as other parameters.  The 
relation between 
* and N depends on the polymer and the 
interaction potential between the beads.  As previously 
reported, the magnitude of 
*  is shown to scale as 
* 1/3~ N in the case of model-vWF [10].  
However, none of these models have included the 
electrostatic charge of the A1 domain.  In this study, we 
explore the effect of CNP interaction with model-vWF.  In 
particular, we show that there exists a unique scaling for the 
critical shear rate depending on charge strength of CNP and 
size of the polymer. 
We first present the mathematical details of the model-vWF.  
To establish confidence in the model, the results are compared 
with available experimental data for the characteristic time 
scale for model-vWF relaxation in quiescent fluid and critical 
shear rate for vWF elongation [21,22].  We then include the 
surface charge (-) for the CNP and (+) for the model-vWF 
beads.  The effect of the CNP on the conformational dynamics 
of the model-vWF and the modification of the scaling 
parameters will be presented. 
 
Model-vWF 
It is common to model polymers as beads attached with 
spring-like potential.  The interaction of beads in a polymer 
depend on the Van der Waals and electrostatic forces. 
The size of a dimer, the repeating unit in vWF chain, is 
estimated to be 80 nm in length [23]. Typical vWF multimers 
consist of 30 - 125 dimers [20].  The CNP of interest in our 
study has a diameter of 80 nm.   
In the model-vWF, the vWF is composed of N dimeric 
units and is represented as chain of N beads.  A CNP is 
modeled as an isolated bead suspended freely in fluid. The 
two-way interaction between fluid and any bead is modeled 
by the coupled lattice-Boltzmann and Langevin dynamics 
(LB-LD) method [21,22]. 
The dynamics of ith bead with position vector  is 
governed by the Langevin equation  
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where Df  is the drag coefficient estimated by Stokes’ law as 
= 6Df a ,   is dynamic viscosity (for blood plasma  = 
1.2 cP), and a is radius of a bead (for both dimer and 
nanoparticles, a = 40 nm). The external, 
ext
iF , and 
Brownian, 
B
iF , forces are provided below. The characteristic 
time constant, 
2
0/ Ba k T =  , is used as the time scale. 
Fluid velocity ( )iu r  is obtained by interpolation from 
discrete lattice sites via LB method. 
The Brownian force has zero mean, and satisfies the 
fluctuation-dissipation theorem [24,25]: 
ir
  
(t) 0Bi =F , (t) (t') 2 (t t')
B B
i i B D ijk Tf  = −F F I ,  (2) 
where Bk  is Boltzmann constant, T is the temperature (T = 
298K), ij  is the Kronecker delta, (t t') −  is the Dirac delta 
function, and I  is the 2nd order unit tensor. The external force, 
i
Uexti = rF , where U is the total potential energy consists 
of bonded and non-bonded interactions. Bonded interactions 
result from biochemical bonds formed between two 
counterparts, like the force between two connecting beads in 
a vWF multimer. As bonds have limited extension even under 
strong extension, the bonds are reasonably modeled as finitely 
extendible nonlinear elastic (FENE) springs with potential, 
FENEU  [14], given by 
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where 𝑘 is the spring constant, and R0 denotes the maximum 
bond extension. Here, 𝑘 = 50𝑘𝐵𝑇/𝑎
2 ,  𝑅0  =0.3 𝑎  to ensure 
the polymer remains in the shape of a chain. Non-bonding 
interactions, on the other hand, act between atoms in the same 
molecule and those in other molecules, even at long range. 
Force fields divide non-bonding interactions into two: 
electrostatic interactions and Van der Waals interactions.  
Electrostatic interaction arises due to the unequal 
distribution of charge in a molecule.  The interaction between 
point charges is generally modelled by a Coulomb potential 
that acts along the line connecting the two charges. A 
particle’s surface potential is difficult to obtain; various 
analytical schemes give different approximations. However, 
the zeta potential measured from electrophoretic mobility 
experiments is easily accessible, and perhaps the only way to 
characterize the charge magnitude of a colloid. It is assumed 
that a net positive charge is located at the center of the bead, 
and all negative ions locate on the center of the CNP as well.  
The magnitude of the charge is estimated using the 
experimentally measured zeta potential: 
0(4 )i r i iq m r  =                                               (4) 
where ir  is the distance between particle center to slipping 
plane, approximately equal to radius of particle; r is relative 
vacuum dielectric constant of medium and 0  is vacuum 
permittivity. Due to the electrical double layer effect, there is 
an overestimation of net charge; therefore, an adjustment 
multiplier m  = 0.07 is included. i is the zeta potential of a 
charged particle. In simulations, i  = -50 mV [26] for CNP 
and 
 i
 = +400 mV for beads in chain (each one of two A1 
patches has zeta potential of +150 to +250 mV [27,28]). 
Hence, we estimate Coulomb potential between two particles 
by: 
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where ijr  is the distance between two particles i and j.  
Van der Waal interactions, including dispersion, repulsion, 
and induction, are commonly considered as consisting of the 
all the interactions between atoms or molecules that are not 
covered by the electrostatic interaction [29]. The most 
common form used to model van der Waals interactions is the 
Lennard-Jones (LJ) potential: 
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where σ determines the depth of the potential depending on 
molecule type. Here by choosing σ = 2.0, there is a clear 
unfolding transition at a well-defined critical shear rate around 
*  = 6000 s-1 for vWF. This is consistent with existing 
experimental results, where fluorescent video-microscopy of 
a single vWF suspended in shear flow in a microfluidic 
channel [11] and BD simulations [10] show that the vWF 
remains globular up to a critical shear rate of ~5000 s-1.  
The LJ potential acts between all beads in the polymer 
chain and nanoparticles. At extremely short distance, the 12th 
  
power term in LJ potential will dominate any other potentials. 
This repulsive force accounts for the volume-exclusion effect.  
 
Results 
vWF under high shear  
During a typical periodic cycle without CNP, thermal 
fluctuation turns a polymer orientation angle θ to negative (θ 
= - , where  is a small positive number) and begins to 
collapse (Fig 1.1). The collapse along with the rotation 
process further decreases the orientation angle (θ << 0, Fig 1.2) 
and increases the vertical distance between the top and bottom 
of the polymer. The increase in vertical dimension accelerates 
the collapse. The acceleration reaches maximum at the 
globular shape when the vertical dimension reaches maximum. 
Since the cohesive force cannot overcome the shear force 
above the threshold shear rate, the globular shape cannot 
persist. After the transition of θ from negative to positive 
(from -π/2 to π/2, Fig 1.3) as it tumbles, the polymer elongates 
as θ decreases from θ >> 0 (Fig 1.4) to θ = + (Fig 1.5). When 
fully stretched, the orientation changes from θ = + to θ = - 
and begins another cycle. Unfolding starts with a local 
disturbance from fluid.  
 
 
 
FIG. 1. Typical polymer dynamics under unbounded, steady 
shear flow above critical shear rate.  
 
vWF + CNP under high shear 
With CNP added, the vWF molecule behaves differently.  
There are two major differences in dynamics as seen in the 
shear plane. With CNP, the attachment of a CNP to a random 
location in the elongated chain introduces an additional site to 
initiate folding. This newly introduced disturbance by CNP 
gives a local impulse for folding. Second, if the CNP attaches 
to the polymer as it collapses and gets absorbed inside the 
globule, it can stabilize the coiled polymer by increasing the 
cohesive force. Thus, the new complex with CNP wrapped 
inside polymer can withstand shear stress, preventing the 
collapsed chain from elongating again. Fig 2 shows a side-to-
side comparison of a chain interacting with or without CNP at 
the flow-gradient plane, under an unbounded, steady shear 
rate of 6500 s-1. The elongation of normal vWF at 6500 s-1 
compared with the persistent collapse of vWF with CNP 
present. 
  
 
 
  
FIG. 2. Equal time interval snapshots of conformational 
dynamics of a single green vWF multimer without CNP (left) and 
with CNP (red dot, right) in simple shear flow at 6500 s-1. Time 
t is scaled with the characteristic particle diffusion time constant 
τ. The CNP charge has zeta potential -50 mV. Each vWF dimer 
has +400 mV charge (two A1 domains), and there are 50 dimers 
in the model vWF. In this simulation, there are a few (<5) CNP 
available for vWF to observe interactions clearly. The 
electrostatic force of the CNP is strong enough to prevent 
elongation by vWF at a shear rate at 6500 s-1.  
 
Without CNP, typical cyclic dynamics of elongation, 
folding and tumbling are observed. The formation of a small 
protrusion can initiate unfolding that potentially leads to full 
elongation (normalized extension of polymer in flow direction 
*l  > 0.7). In contrast, with CNP an additional local 
disturbance (kink) occurs around the position of CNP-
polymer encounter. Shear-induced compression and rolling of 
vWF enhances globular formation. As some CNP get 
enclosed in the CNP-vWF composite, they stabilize the 
formed complex. The additional cohesive force is strong 
enough to prevent unfolding.  Even with a small protrusion 
caused by thermal fluctuation, the tendency to re-coil 
dominates the tendency to stretch, resulting in a stable coiled 
shape, as shown in Fig 2 (right).  
 
A subsequent question is if shear rate is further increased, 
will the coiled CNP-vWF composite elongate again? We 
further studied the combined effect of CNP charge and shear 
on polymer dynamics, quantitatively. For a single vWF in 
constant shear flow, it is shown that the critical shear rate 
*  
scales as 
* 1/3~ N , where N is number of dimers in the 
polymer [10].   In the presence of CNP, this scaling is no 
longer complete.  We explore the relation between 
*  and the 
CNP charge strength, designated as zeta potential, . 
We explore the behavior of a single vWF chain under 
elevated shear rates at 13 000, 26 000, 39 000, 52 000 and 65 
000 s-1. This range of shear rate is of biological importance 
as most severe shear-induced platelet accumulation (SIPA) 
occurs in this range [30]. Under elevated shear rates (>13 
000 s-1), modeled-vWF elongates and does not assume a 
stable coiled conformation by itself, or with neutral 
nanoparticles (NP).  Both simulations and experiments [31] 
show that neutrally charged NPs have negligible influence 
on the dynamics of vWF in flow.  
Only negative CNP can significantly influence the 
conformational dynamics of the vWF.  Denote zeta potential 
of CNP as 1  (< 0) and zeta potential of large patches of 
positive charge at vWF-A1 domains as 2 (> 0). The 
magnitude of 1 is referred to as  = | 1 | for the rest of the 
article. 2 = +400 mV [27] and viewed as a constant in the 
simulations.  In a series of simulations,   gradually increases 
from 0 mV up to a point where stable CNP-vWF composite is 
formed.  
Besides CNP charge, another parameter that could 
influence critical shear rate is the vWF size or the number of 
beads (
vWFN ). It is estimated that there are 30 - 125 dimers in 
a typical plasma vWF [20]. Thus 50, 100 and 200 beads are 
considered in the model-vWF. 
  
We set the number of CNP to total beads in vWF to be 2: 
1 in order to allow an abundance of CNP available to interact 
with vWF across all simulation cases, and to ensure that a 
CNP-vWF composite is formed at coiled equilibrium state. 
An example of the composite is shown in Fig 3 for vWFN  = 
50.  
 
FIG. 3. An example of a stable globular CNP-vWF 
composite. Red beads are CNP, the green chain is vWF. Since 
CNP are abundant, the number of CNP in the coiled CNP-vWF 
composite, is limited by the size of vWF. In this case, vWFN = 
50, CNPN   53. After sufficient simulation time, although CNP 
continues to attach and detach, CNPN  almost remains unchanged 
over time. This coiled state is defined as a dynamic equilibrium 
state for the composite. 
 
For a vWF of given size
 
under constant shear rate (fixed 
vWFN and  ), the critical zeta potential is found by the 
method described here. CNP charge is initially set to zero (  
= 0 mV). Subsequently, the charge assigned to CNP is 
increased in a stepwise fashion from 0 mV to 48 mV, with 1 
mV increments. Each time   takes a new higher magnitude, 
at this pair of   and , we expect the CNP-vWF system to 
reach a new dynamic equilibrium state; and that the 
asymptotic time-averaged normalized vWF length, *l , tends 
to decrease due to the greater CNP effect. The charge density 
of CNP is increased by increasing   value to a point where 
periodic oscillation behavior of the polymer (e.g., Fig 1) 
ceases, and the polymer rolls back to a stable globular shape. 
This critical transition state corresponds to a critical charge 
(characterized by a critical zeta potential, 
* ) of CNP under 
that shear rate, i.e. 
* *( )  = . The process to find *( ) 
is illustrated in Fig 4. For example, at shear rate   = 52 000 
s-1, vWFN  = 100, a series of tests of charges ranging from 0 to 
34 mV are performed. Time evolution of normalized vWF 
extension *l  at  = 26, 30 and 34 mV are selected and 
presented in this figure. For this high shear rate of 52 000 s-1, 
the transition of vWF dynamics occurs for a CNP zeta 
potential of ~ 30mV. Or conversely, CNP of -30 mV will keep 
vWF in the globular state up to shear rate 52 000 s-1. 
Below a critical charge magnitude, vWF still oscillates and 
can be elongated under shear (Fig 3(a)). Above the critical 
charge 
*  (Fig 3(b)), a stable globular CNP-vWF composite 
is observed after initial transient period (t/τ = 0 ~ 50). 
Continuing to add charge to the CNP will keep the globular 
CNP-vWF composite stable under the same flow condition 
(Fig 3(c)). Quantitatively, we can define 
* as when post-
transient average normalized extension *l  is always less than 
0.20.  In the case of Fig 4, for instance, 
* is 28 mV. 
 
 
  
 
FIG. 4. Example of exploration of critical charge * by 
increasing magnitude of   starting from 0 mV. Shear rate  = 
52 000 s-1, vWFN  = 100. Three explorations at  = 26, 30, and 
34 mV are presented. In each case, at a constant charge, the 
simulation lasts long enough for CNP and vWF interaction to 
reach an equilibrium. From  =0 mV,  gradually increases to 
a point where a stable globular complex is first formed. Phases 
of polymer dynamics change dramatically in between 26 mV (Fig 
4(a)) and 30 mV (Fig 4(b)). Beyond 30 mV, when  is further 
elevated, the CNP-vWF composite remains in the coiled, 
globular shape (Fig 4(c) after initial transit, corresponds to Fig 
3). This transition in states indicates a critical charge (for   =52 
000 s-1) exists within range  = [26 mV, 30 mV]. Refining the 
search further determines * = 28 mV. 
A similar search for 
*  is performed for 5 shear rates with 
vWFN  = 50, 100, and 200. The results are summarized in Fig 
5. For a given vWF length, 
* scales linearly with shear rate 
 . Also, 
* ~ 2/5vWFN
−
 as shown in Fig 6.  
At the final coiled equilibrium state, the resulting 
composite consists of both vWF and CNP (Fig 3). The 
dimension of the composite is determined by 
( )vWF CNPN N+  rather than vWFN alone. So, it is more 
relevant to find the scaling relationship between 
* and
( )vWF CNPN N+ . However, NCNP also depends on vWFN and 
charge, as: 1) vWFN limits the number of CNP that can be 
attached, and 2) charge impacts the strength of cohesive force 
in the CNP-vWF composite. Here, we define a new parameter 
( ) /vWF CNP vWFN N N = + , as the ratio of total size of 
composite normalized by the size of polymer itself.   is 
dependent on vWFN in a nonlinear relationship, but less 
dependent on shear rate, as shown in Fig 7. When ( )vWFN  
instead of vWFN is used in scaling, it turns out that 
* 3~  −  
(Fig 8).  
Thus, a scaling relation is derived with regards to a critical 
equilibrium state, as
* 3~  − . At this state, the CNP-vWF 
composite is in a globular shape and there is an almost 
constant ratio   between composite size and vWF size. The 
shear stress imposed by fluid flow is balanced by the cohesive 
force within the composite. The charge is just strong enough 
to hold together the refolded vWF, and the shear rate   is just 
  
weak enough not to elongate the coiled vWF polymer. In other 
words, the equilibrium state of coiled composite can be 
broken by either increasing shear rate   or decreasing charge
 .  
 
FIG. 5. Critical charge as a function of shear rate for vWF of size 
50, 100, and 200. For constant vWFN , critical charge scales 
linearly with shear rate. Dashed lines are linear interpolation of 
data points (triangles).  Note that the lines extrapolate to ( = 
6500 s-1,  = 5 mV) rather than  = 0 mV. This indicates that 
weakly charged CNP ( < 5 mV) has no significant effect, just 
like neutral NP.  
 
 
FIG. 6. Critical charge as a function of shear rate rescaled by 
2/5
vWFN
−
for vWF of size 50, 100, and 200. 
* ~ 2/5vWFN
−
. 
 
 
FIG. 7. Ratio of total size of composite normalized by the size of 
polymer, ( ) /vWF CNP vWFN N N = +  versus shear rate, with 
vWF size 50, 100, and 200, respectively.   is strongly 
dependent on vWFN  but not on shear rate. For a given vWF size, 
 has no discernible dependency on shear rate. As vWF size 
increases, the mean of   (horizontal dash line) decreases, so 
does the deviation from the mean.  
 
FIG. 8. Critical charge as a function of shear rate rescaled by 
3 − for vWF of size 50, 100, and 200. * 3~  − . The 
dependence of  on shear rate and vWF size is shown in Fig 7. 
In conclusion, by observing the interactions of CNP on the 
dynamics of polymer under shear flow, we provide theoretical 
evidence for the shift of critical shear rate to much greater 
values after introducing CNP. If a polymer undergoes a 
conformational dynamics as represented in Fig. 1, adding 
CNP with opposite charge (-) to the polymer’s surface charge 
(+) could significantly alter the conformational dynamics of 
  
the polymer. As shown here, addition of  CNP can elevate the 
critical shear rate and change the scaling relation with respect 
to polymer length.  We show that the critical zeta potential of 
CNP, 
* , scales linearly with shear rate, and scales cubically 
with   , that is
* 3~  − .   
These results have relevance to hemostasis, as high-shear 
induced elongation of proteins, such as vWF could be 
detrimental as it is central to arterial thrombosis, leading to 
myocardial infarction or stroke. An elevation in the critical 
shear rate may lower the possibility of the shear induced 
thrombosis.  Actively controlling the critical shear rate where 
abrupt length change occurs has potential to control polymer 
system dynamics. 
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